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Total dielectronic recombination rate coefficient for Ar-like tungsten
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Ab initio calculations of the total dielectronic recombinatid®R) rate coefficient for Ar-like tungsten
(W5*) are performed using the relativistitiLLAC code package based on the parametric potential method.
The high efficiency oHuLLAC compared to other codes enables us to perform extensive DR calculations for
highly complex atomic systems such as Ar-like tungsten. The present work provides a general procedure for
computing the DR rate coefficients for multielectron higtiens. This procedure is applicable to DR compu-
tations for other Ar-like ions, as well as for ions in neighboring isoelectronic sequences. In the present work
level-by-level calculations are performed for evaluating the contributions to DR through all the relevant K-like
autoionizing inner-shell excited configuration complexesp®8n’l’ (4<n’'<17), 3s3p%lin’l’ (4<n’
<12), 3p°3dn’'l’ (8=n’'=<18), 3s3p%3dn’l’ (7=n'=<18), 2p°3s?3p®3dn’l’ (3=<n’'<8),
2s52p®3s23pf3dn’l’ (3<n’<5), and $°5I51'. In addition, extrapolation methods are developed to calcu-
late the contributions of even highef complexes along each complex series. In the casgd8@n’l’, the
usual complex-by-complex extrapolation method based on'thé scaling law is found to be inaccurate; thus,

a more detailed level-by-level procedure is discussed. All calculations are carried out assuming no electron
collisions occur after the initial electron capture. Although the dominant DR contributions come from
3p®4In’l" and 3°3dn’l’, the contributions of the other complex series cannot be neglected. A comparison
between the present results and the Burgess-MBitS) approximation shows that at low electron tempera-
tures the BM approximation greatly underestimates the DR rate coefficients, whereas at high electron tempera-
tures this approximation is fairly goofiS1050-294{@8)10604-2

PACS numbd(s): 34.80.Kw

I. INTRODUCTION <n'<18), 3s3p®3dn’'l’ (7<n’'<18), 2p®3s?3p®3dn’l’
(3=n'<8), 2s2p%3s?3p®3dn’l’ (3=n’'<5), and

Tungsten is one of the main materials used for plasm&p®5I5l’. Electron inelastic collisions after the initial cap-
facing divertor plates in thermonuclear fusion devices as inure are neglected.
the ASDEX upgradd1]. Tungsten is believed to be favor-  For the low-lying inner-shell excited configuration com-
able for divertors in the next generation of nuclear fusionplexes the effect of radiativdecaysto autoionizinglevels
devices as well2]. For divertor plasma modeling and radia- possibly followed by radiativeascade$DAC) is calculated
tive plasma cooling studies, accurate atomic data for highlyand is found to be of a few percent or even less. Based on the
ionized tungsten is necessary, especially data on recombingiscussion in Refd5,6] we will assume here that this is true
tion processes that are a major source of radiation lossegy, higher complexes as well. Consequently, in the present
Dielectronic recombinatioiDR) is the most important re- pRr calculations for the high-lying complexes DAC pro-
combination process in highly ionized low-density plasmas.agses were neglected.
Therefore, a precise knowledge of DR processes is necessary g, ithermore, extrapolation methods are used to evaluate

for ionization balance _modelmg. . . the contributions of the very-high® complexes. In order to
Due to the complexity of the multielectron ions and to the . . . .
choose the appropriate extrapolation method a detailed in-

very large number of inner-shell excited levels that must be” "~~~ . : .
inciuded in the calculations, only a feab initio computa- vestigation of the behavior of the DR rate coefficients as a

- L i )
tions were published for DR of ions with 13 electrons Orfuncuon ofn’ is carried out for each complex series. For the

more. Recently calculations of the DR rate coefficients forcompleg series B°4In’l’, 35??p64|n'|’, 3s3p%3dn’l’,
Ni-like Gd [3] and Ta[4] have been published. Two other @nd 20°3s°3p~3dn’l’ the ordinary complex-by-complex
works [5,6] were then performed systematically along the€xtrapolation method is used, whereas for thE&in’l’

Ni | isoelectronic sequence for ten ions. In the Ar | isoelec-Se€ries a more elaborate level-by-level extrapolation proce-
tronic sequence there is a work by Fournéral. [7] that dure is chosen. In addition, thé dependence of the DR rate
includes the calculation of the total DR rate coefficient forcoefficients of the various configurations considered in this
Mo?**. For Ar-like tungsten (WW¢") we have calculated in a work is checked and an explanation for the cases where sig-
previous work[8] partial rate coefficients for DR through a nificant contributions of high* configurations are found is
few low-lying configuration complexes of the K-like ion. suggested.

In the present work extensiab initio level-by-level cal- The total contribution of each of the various complex se-
culations of all the main DR contributions for Ar-like W are ries considered in this work to the total DR rate coefficient is
performed, including the following K-like autoionizing presented and analyzed. Finally, the detailed level-by-level
inner-shell excited configuration complexes:p°aIn’l’ computations are compared with the results obtained by us-
(4<n'<17), 3s3p%4In’l’ (4=<n'<12), 3p°3dn’'l’ (8 ing the approximate Burgess-Merts semiempirical formula.
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Il. THEORETICAL METHOD Assuming the ion does not undergo inelastic collisions
with electrons after the capture of the free electron, the inner-
shell excited K-like ion in leveldl can either autoionize back
to form an Ar-like ion in a levek or k’ or decay radiatively.
Arhis decay can be to a leviebelow the ionization limifi.e.,
effective recombinationor to a leveld’ above the ionization
limit. From the leveld’ the K-like ion can further either

The dielectronic recombination process of Ar-like ions
can best be illustrated by using the case of t@3Rinl
inner-shell excited configuration complexes. The first step i
this process is arlectron captureby the Ar-like ion in the
ground state (B°) into an inner-shell excited level of the

K-like ion lying above the first ionization limit. This step,

which is reversible by autoionization, can be schematicallyamOionize or decay_radiati_vely. Consi_derin_g all the_possible
written as follows: ’ processes, thieranching ratiofor (effective dielectronic re-

combinationthrough the leved is given by[6]
[Mg corel3p®+e~«[Mg corel3p®3dnl, (1)
> Agit 2 AgeBP(d)
where e” is the free interacting electron aridiig core] Do d’>k
stands for the full $22s22p®3s? electronic inner subshells. BY(d)= . '
The second step in the process isdiative stabilizingtran- E Adk’+z AwE Adar
sition into a final level of the K-like ion lying below the K ' d
ionization limit. It can take place in one of the following Here ZAy; and ZAyq are the sums of the Einstein coeffi-
ways: cients for spontaneous emission from ledelo levelsi and
5 5 d’, respectively. EAzk, is the sum of the autoionization
[Mg core]3p>3dni—[Mg core]3p°nl+hv, (28  coefficients from leveld to levelsk’ of the Ar-like ion.
BP(d’) is the branching ratio for dielectronic recombination

via d’, defined by a recursive expression analogous to Eq.
(2b) ).

Herehv represents an emitted photon. In the radiative decay I_:or_ the lower complexegin each complex Se”é?" .th.e
process(2a) the final level 3°nl lies below the ionization radiative decays from leved to other lower autoionizing
limit for any value ofn and!. In contrast, in the procesgb) levels d_ possibly foII(_)wed by rad_latlve cascades were in-
the level P53dn’|" can either be below the ionization limit €luded in the calculations. Following Refs,6] these pro-
or above it depending on the valuesdfand!’. In the latter ~ C€SS€s are referred to as D/leecaysto aut0|on|2|nglevel§
case either autoionization occurs or stabilization is reacheaoss'bly followed by radiativeeascades The DAC transi-

after one or more additional radiative transitidieascades tions were found to have an effect of a fe_vv per_cent at the
most, as was already noticed and explained in R8I

[Mg cor€]3p®3dn’l’—[Mg core|3p®3dn”l” + hy, Hence, neglecting DAC for higher complexes would lead to
(20  an even smaller error in the total DR rate coefficient. Disre-
garding DAC consists of neglecting all radiative decays to
[Mg corgl3p®3dn’l’—[Mg core]3p®n’l’ +hv, (2d)  autoionizing levels. This leads to the following approxima-
tion for the DR branching ratio:
where $°3dn"l” is a final level lying below the ionization

®)

[Mg core]3p®3dnl—[Mg corel3p°3dn’l’ +hv.

limit. If the 3p®3dnl level lies high enough above the first Z Agi
ionization limit autoionization to the#3d excited configu- BP(d)~ : _ (6)
ration of the Ar-like ion is also possible:

P > gt Aa

k/
The rate coefficient foeffectiveDR, i.e., for processl)
The rate coefficienBS, for the capture of a free electron PIUS process2a) or plus processe&b) and (2c) or (2d),

by an Ar-like ion in its ground levek [process(1)] to form frpm the initial groupd levek of thg Ar-like ion through a
a K-like ion in an inner-shell excited level above the ion- Jiven intermediate inner-shell excited lewélto any final

ization limit can be evaluated using the principle of detailed"onautoionizing level of the K-like ion is given by
balance. Assuming a Maxwellian velocity distribution corre- D _ 5C

: : a= BigB(d). )
sponding to an electron temperatufg one obtains for the
capture rate coefficient the following relatidsee, for ex-  The total rate coefficient for DR from the initial levél is
ample, Ref[9]): obtained by summing over all the relevahtevels:

~ 2, 9d —Eqk
BL,=1.656x10 24 kT,) 2= Agkexp( . @ al=> aP,. (8)
Ok kTe d

[Mg core]3p®3dnl—[Mg corel3p°3d+e™.  (3)

whereEy is the energy difference between the ledednd  The level-by-level calculations are performed for each series
the first ionization limitk. Eg andkT, are expressed in of configuration complexes up to a specific value of the prin-
eV. Ajis the coefficient for autoionization from levelto  cipal quantum numbet’, denoted byng, whose meaning is
level k expressed in §. g4 and g, are the statistical explained in the following.

weights of the levelsd and k, respectively. ,Bffd is ex- In order to evaluate the contributions of the higher com-
pressed in crhs 1. plexes fi’ >ng) in each complex series extrapolation meth-
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ods are used. For the complex seriep®@n’l’, [12]. The autoionization coefficients were calculated in the
3s3p®4In’l’, 3s3p®3dn’l’, and $°3s?3p®3dn’l’ the DR  semirelativistic distorted-wave approximation using the
rate coefficients start to scale likg ~2 from relatively low  factorization-interpolation model implemented in the
n’ values and the usual complex-by-complex extrapolatiorHULLAC code packaggl3]. This method has been applied in
procedure can be used. According to this method, first promany cases and successfully tested by comparison to more
posed by Hahf10], the total DR rate coefficient for a given time-consuming methods for calculating autoionization rates
complex series is [13,14. In the case of capture from F- to Ne-like ions, for
instance, the agreement was found to be better thaflS%
* n'\ -3 Configuration mixing within each complex is taken into
Y aP(n)= X oP(n)+ X (n_> a®(ny). account for the lowest autoionizing complexes in each com-
n’=no n’=no n'=ng+1 17 plex series, where it can be significant. For high complexes
©  the mixing is much less important and is neglected.

0 Ng

aP(n’) is the total rate coefficient of a configuration com-
plex defined byn’. n, represents the lowest value mf for IIl. RESULTS AND DISCUSSION

which the corresponding complex contains levels above the \ye present here the results of the detailed level-by-
first ionization limit. ng is the lowestn’ value from which  |aye| calculations of the rate coefficients for dielectronic

Dipn’ &3
a”(n’") starts to scale accurately enoughres . _ recombination through the following K-like tungsten au-
In contrast to all the other cases, for the complex sefiegpionizing inner-shell excited configuration complexes:
3p>3dn’l’ then’ ™ behavior begins atery-high-ri values. 3p54In’l", 3s3p%4in’l’, 3p®3dn’l’, 3s3p®3dn’l’

Therefore,_ a more elaborate method bas_ed on Ieve_l-by-lev%lp53823p63dn,|r, 252p®3s23p®3dn’l’, and 515!
extrapolation is needed in order to avoid calculations for
too-highn’ values. This method was also proposed by Hahn
[10] and was used in the calculations of DR rate coefficients
of ions isoelectronic to lighter elementsee, for example, The 3p°4In’l" complex series gives the largest contribu-
Ref.[11]). The method relies on the fact that for intermediatetion to the total DR rate coefficient at low electron tempera-
n’ values, even if the DR rate coefficients do not yet scale atures kT,<100eV) and at high electron temperatures
n’~3, the radiative and autoionization coefficients for indi- (kT.>1 keV). At kT,=E, (5.34 keV} it contributes about
vidual levels already have a smooth and known dependends0% of the total DR rate coefficietisee Sec. Il Bl. In this
onn'. Itis necessary to distinguish here between two differ-series the lowest complexp3414l’ is already partially
ent kinds of rate coefficients. The rate Coefficieﬁf%'Azk, above the ionization limit. All the levels of the complexes
and the radiative coefficient&!) for transitions that do in- 3P°4In’l" with n’=5 are above the ionization limit.

A. DR through the 3p®4In’l’ complexes

volve then’l’ excited electrorfwith high principal quantum The radiative decay processes that are included in the
numbern’) scale a1’ 3. In contrast, the radiative rate co- COMputations in this case are

.. IO . . . .
efficients Ag; for transitions which involve the @ excited 3p%4in’l’ —3p%4l +hy, (11)

electron(with low principal quantum numbgrare constant

as a function ofn’. Consequently, the total rate coefficient a5 well as alternative decays to the higher K-like configura-
for DR through the whole complex series can be written injgns: (a 3p°n’l’, (b) 3p°3d4l, (c) 3p°3dn’l’ (n'<13)

this case as followsneglecting DAC processgs and (d) 3p®4In"1" (n'=4, n"=4) or (n' =5, n"=4,5). All
" of the lower levels considered in the computations are below
D, the ionization limit[for this reasom’=<13 in procesgc)],
> aP(n')

except for the two lowest complexes of the sefi@g®414l’
and 3°4I51"). For these complexes DAC processes of the
Ns il (n )—3 form (d) are also included. In fact, the DAC processes are

n’=ng

= 2 aP(n’)+ Z fd E found to have negligible effect on the rate coefficient of the
n’=no de3p®3dnd’  n'=ng+1 3p°4l41’ complex. For the B°415]" complex DAC pro-

cesses increase the rate coefficient by 7% at electron tem-

3
> Al n > Az: peratures higher than 2 keV.
[ Ns i’ The energetically possible autoionization processes in-
X7 =3 | n'\ 3 o cluded in the calculations are
n. > Agk’+2 Adc}+(n_) z Agir _
sl K ' sh i 3p°4In’l’—3p®+e™, (12)

10

10 as well as autoionization to the higher Ar-like configurations:
Here,n, is the lowesh’ value from which the radiative and (a) 3p°3d and (b) 3p>4l” (n'=8).
autoionization coefficients start to show a regular behavior Autoionizing inner-shell excited configurations with
(asn’~2 or constantandd is any level of the $°3dn4l’ 0=<1'<8 are included in the DR calculations. Figure 1 pre-
complex. sents for instance the results of the DR rate coefficients for

All the detailed autoionizing and nonautoionizing level the 3p°3d15 and 3°4d15 configurations. As can be seen

energies and radiative decay coefficients were computettom the lower curve, the contributions of configurations
using thefully relativistic multiconfigurationRELAC code  with |>8 are expected to be negligible fop%4d15. This
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FIG. 3. Partial rate coefficients for DR through the complexes
3p%4In’l’ (4<n’'<17) as a function of the electron temperature.
The dotted curve represents the sum of the rate coefficients for all
e complexes witt’>17. The thick solid curve is the total rate
coefficient for the whole B%4In’l’ complex series.

FIG. 1. Partial rate coefficients for DR through the configura-
tions 3p°3d15 (triangles and 3°4d15 (squaresas a function of
the orbital angular momentum quantum numbgeiat an electron
temperature of 7 keV. The lines between the calculated values a
plotted just to guide the eye.

The DR contributions of the various configuration com-
Qéexes obtained by level-by-level calculations in the electron
temperature range 10 e¥kT.<50 keV are presented in
Fig. 3. At low and medium electron temperatur&T{
<5 keV) the dominant contribution comes from thé=4
complex. This is due to the exponential dependence of the
capture rate in Eq4) as a function ok, and to the lowE
s values for this complex. In the’=5 complex all 1299 lev-
10" _/\A 3p 3d 181 i els lie above the ionization limit, whereas in the=4 com-

[ A A, plex only 233 out of the 451 levels are above the ionization
~a ] limit. As a result, at higher electron temperature the contri-
bution of then’ =5 complex becomes larger.
3p54d 151 | In order to find the value afig for this complex series, the
DR rate coefficients of the complexes with<é’'<17 are
plotted as a function af’ for three different temperatures in
\ Fig. 4. It can be seen that in the range8’ <14 the rate
\ | coefficients decrease more steeply then 3, whereas for

conclusion is found to be also valid for the othqu®al15
configurations. The reason for this trend is the steep decrea
of the autoionization rate coefficients dsincreases, as
shown in Fig. 2.

)

-1

./-\.

(sec

a
dk

n’=14 then’ ~2 behavior takes place as expected. There are
" two reasons for the fast decrease of the rate coefficients for
intermediaten’ values. The main reason is the progressive
1 closing of the radiative stabilizing channels tp°3dn’l’
[process (c) following Eq. (11)] due to the rising of
3p®3dn’l’ levels above the ionization limit. Finally, for the
3p°3d14 complex all the levels are above the ionization
limit (as will be shown in Sec. Ill Cresulting in the sudden
10 0 1 2 3 ,L 5 é 7 8 steep drop in the °4In’l" DR rate coefficients at’ =14.
The second reason is the opening of strong autoionization
ORBITAL ANGULAR MOMENTUM 1 channels to the excited configuration comple?al” of the
FIG. 2. Sums of the autoionization coefficiergA3, to the  Ar-like ion [procesgb) following Eq. (12)]. Thus, a straight-
ground level of the Ar-like ion for the configurationgp@3d15 forward extrapolation frorm” lower than 14 would have led
(triangles and for 3°4d15 (squaresas a function of the orbital to a significant overestimation of the contributions of the
angular momentum guantum number higher complexes.

£, A
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FIG. 4. DR rate coefficients through the complexgs@n’l’ FIG. 5. Partial rate coefficients for DR through the complexes

as a function of the principal quantum number in the range 4  3s3p®4In’l’ (4<n’'<12) as a function of the electron tempera-
<n'<17 at three different electron temperatures. The solid linegure. The dotted curve represents the sum of all the rate coefficients
between the calculated values are plotted just to guide the eye. THer all the complexes witm’ >12. The thick solid curve is the total
dotted curves indicate the ~2 grid as a reference for the scaling of rate coefficient for the wholes®3p®4In’l’ complex series.
the rate coefficients.

The energetically possible autoionization processes in-

From the above discussion we conclude that for thejuded in the calculations are

3p°4In’l’ complex series the usual complex-by-complex
extrapolation methodEg. (9)] can be used, and that, 3s3p%4in’l’'—3s?3pb+e, (14
should be taken to be 14 or greater. In this study since de-
tailed level-by-level calculations were in fact performed for as well as autoionization to the higher Ar-like configurations:
all the complexes with #n’<17, ng was taken to be 17. (a) 3s3p®3d (n’=5), (b) 3s?3p°4l” (n'=7), and (c)
The sum of the contributions of the complexes with>18  3s3p®4l” (n’=10).
evaluated by the complex-by-complex extrapolation method, As in the case of the (®4In’l’ series, only configura-
and the total contribution of all thep84In’I” complexes are tions with 0<|’<8 are included in the calculations. In Fig. 5
also shown in Fig. 3. It is clear that for this complex seriesthe DR rate coefficients of the complexes3p®4in’l’ with
the relative contribution of highv complexes to the total 4<n’<12 obtained by level-by-level calculations are plot-

DR rate coefficient is very small. ted versus the electron temperature. It can be seen that at all
temperatures the dominant contribution comes from the low-
B. DR through the 3s3p®4In’l’ complexes est complex 383p®414l’. Itis interesting to note that at elec-

tron temperature higher than 1 keV the DR rate coefficient of
the lower complex 83p4l4l’ are below the ionization this complex is as high as one third of thp°814l’ DR rate

.. . . . . 6 12 _
limit. All the other complexes are entirely above the ioniza-coefﬂC'ent' This is mainly because in thegp-4l4l’ com

tion limit. The radiative decay processes included in the\}l)vI r?)e(r:;r:(r):;na”og][ﬁeklaev\ifs Itl)eelgrl?oi\:]e :Qikgg:i?y%grg?m'
computations are y ging

plex lie below it. In addition, the &p®4141’ complex has

In the 3s3p®4In’l’ complex series only a few levels of

3s3p®4in’l’ —3s23p%4l +hv, (13 no autoionization channels, except for that to the ground
level of the Ar-like ion[procesq14)].
as well as decays to the higher K-like configuratiofe: For the complex seriess3p®4In’l’ the behavior of the
3s23p®n’l’, (b) 3s3p®3d4l, (c) 3s3p®3dn’l’ (n'<7),(d) DR rate coefficient as a function of was also checked by
3s?3p®4In’'l’ (n’=4), and () 3s3pf4In”l”  the same procedure that was applied for tpé4n’l’ com-

(n'=4,n"=4). Again, except for the 83p°4141’ complex plexes. It was found that in the range<é’<8 the DR rate
where DAC processes of the fornd) and(e) are included, coefficient shows a decrease steeper than®, while for

the lower levels considered are all below the ionization limitn’=9 then’ 2 behavior takes place. The steep decrease of
[for this reasonn’<7 in process(c)]. In fact, for the the rate coefficient in the rangesth’<8 is again a conse-
3s3p®4141’ complex the DAC processes are found to bequence of two main reasons: first, the closing of the radiative
negligible. stabilizing channel$process(c) following Eq. (13)] due to
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FIG. 6. EnergyE, of the inner-shell excited configuration com-
plexes 3°3dnl 8<n=<13 relative to the first ionization limiE, . PRINCIPAL QUANTUM NUMBER n
The energies are indicated by a finite vertical range representing the £/ 7. DR rate coefficients through the complex@S&in| as
full level spread within each complex. The four thick lines in each; f,nction of the principal quantum numberin the range $n
complex stand for the mean energy of the four dominant groups ok 1g 4¢ five different electron temperatures. The solid lines between
levels(regarding their contributions to the DR rate coefficlelthe o cajculated values are plotted just to guide the eye. The dotted

alphabetic order of the groups is according to the significance of,es indicate tha -3 grid as a reference for the scaling of the rate

their contributions. coefficients.

the 3s3p®3dn’l” levels rising above the ionization limit, and the 3p53dnl complexes lie entirely above the ionization
second, the opening of strong autoionization chanf@is-  [imit.

cess(b) following Eq. (14)] to the Ar-like excited configu- The processes involved in the dielectronic recombination
rations 3”3p°41". Therefore, for the 83p®4In’l’ complex  through these levels were already listed in the beginning of
series the usual complex-by-complex extrapolation methogec. Il. Here these processes are discussed in more detail.
[Eq. (9)] can be used starting from,=9. Since the detailed The radiative decays considered in the computations are
level-by-level calculations were already performed umto

=12 (in order to check tha@’ ~3 behavioj n is in fact taken 3p°3dnl—3p°3d+hv, (19

to be 12. as well as decays to the higher K-like configuratiofe:
Th f th ibuti f th | ith ' :
e sum of the contributions of the complexes wit 3p°nl and (b) 3p°3dn’l’ (n’<n andn’<13). For the two

>12 evaluated by the complex-by-complex extrapolation = .
y P 4 P b lowest autoionizing complexes with=8 andn=9, DAC

method, and the total contribution of all thes®%4In’1’ )
complexes are also shown in Fig. 5. AT, :E?Tb for in- processes of the forrtb) are also included and are found to
. 5. kT, , > .
stance, the total contribution of this complex series to th‘J]ave negligible effelct.tTQerefore, for higher complexes DAC
total DR rate coefficient is found to be 10%. Processes are neglected. L .
The energetically possible autoionization processes in-

cluded for the °3dnl complexes are
C. DR through the 3p®3dnl complexes

5 64 a—
The 3p°3dnl complex series gives the largest contribu- 3p3dnl—3p>+e (163

tion to the total DR rate coefficient in the intermediate elec- —.3p%3d+e”  (n=10).

tron temperature range 18k T.<1000 eV. AtkT,=E, this (16b)

contribution is about 30% of the total DR rate coefficient.

The special behavior of this complex series is due to the In this series also, only autoionizing configurations with
low energy needed for the excitation of the 8lectron com- 0=<I=<8 are included in the DR calculations. However, here
pared to the ionization energy of the K-like ion in its ground the autoionization coefficients to the ground level of the Ar-
state. As a consequence these complexes start to rise abdike ion decrease relatively slowly with increasihgs shown
the ionization limit only whenn=8. Figure 6 shows the in Fig. 2 (upper curvgé As a result, contributions of higher
energy spread of the@®3dnl complexes near the first ion- |1-value configurations can be significant as can be seen from
ization limit of the K-like ion. Sincen is quite high, level Fig. 1. For example, &T.= 1500 eV the sum of the DR rate
rising with increasingn is very slow. In addition, the energy coefficients for the °3d9l configurations with 8<1<8 is
spread of the complexes is relatively large because of thiarger than 25% of the total DR rate coefficient for the whole
strong spin-orbit interaction. Consequently, only for14  3p®3d9l complex. Thus, detailed level-by-level calculations
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and an extrapolation procedure as a functioh wfay also be
needed for thd >8 configurations, but this is beyond the
scope of the present work.

In Fig. 7 the DR rate coefficients of the complexes
3p°3dnl with 9<n<18 at five different electron tempera-
tures are plotted againat One can see that in the range 9
<n=14 there are irregularities in the behavior of the DR
rate coefficients, while fon=15 the decrease is smooth but 7
slower thann™3. The irregularities in the interval @n
<14 results from the rising of morep33dnl levels above
the ionization limit as1 increases, and consequently from the
opening of new DR channels. In order to explain these ir-
regularities the mean energies of the four dominant groups of
inner-shell excited levels are also marked in Fig. 6. For ex- %
ample, the great increase in the DR rate coefficientsnfor
=11 is a result of the rising of the second most dominant
group (labeledb) above the ionization limit.

The deviation of the rate coefficients from the® behav-
ior even forn>15 is a consequence of the unique relative
magnitudes of the various atomic coefficients involved in the
calculation of the DR rate coefficient for each ledel Aj,,

SAL., A2, andsA), [see Eqs(4), (6), and(10)]. In this kT, (eV)

series, especially, the autoionization coefficiadt, is high

compared t&Ay; for the dominant levels of each complex.  FIG. 8. Partial rate coefficients for DR through the complexes

In order to illustrate this effect let us consider the extreme3p°3dnl (8<n=18) as a function of the electron temperature. The

case in WhiChAgk>EA!j°i. For simplicity we assume also dotted curve represents the sum of the rate coefficients for all the

thatEAz?, -0 and thalEAgk, — A, . In this case, the branch- c_o_mplexes withn>18. ;’he thick solid curve is the total rate coef-
. ar ficient for the whole $°3dnl complex series.
ing ratio in Eq.(6) becomes

sec )

(cm

10° 10’ 10? 103 10* 105

Figure 8 shows the DR contributions of the complexes

Z Aldoi 3p°3dnl with 8<n=15 obtained by detailed calculations as
BP(d)~ : ' (17 & function of the electron temperature in the range 10 eV
2k <kT,=<50 keV. One can see the irregularities in the behav-

ior of the rate coefficients asincreases. As discussed above
SinceAd, appears also in expressiof) for the dielectronic these irregularities result from the rising of inner-shell ex-
capture rate, it cancels, and the DR rate coefficient of th mlad I((ja.vels abr(])ve the _|on|z?t|on limit aﬁncrea}seﬁge Fig.
level d depends only orEAY. Now, SA?, which is the ) leading to the opening of new DR channels. This is espe-
) : i : . cially pronounced at low electron temperatures. At these
sum of the Einstein coefficients for spontaneous radiativ@emperatures inner-shell excited autoionizing levels lying
decays that involve only thed3excited electron, is indepen- ¢jose to the first ionization limit can give a significant con-
dent ofn. Thus, in this simple example the DR rate coeffi- tripytion to the total DR rate coefficient. Indeed, the maxi-
cient for the leveld will be approximately independent of  yum value of the DR rate coefficient for a given lededs a
until n is large enough so thakg,<SA{. Only then, for function of T, is reached akT,=2/3E, and is proportional
very highn values, the DR rate coefficient of the lexkWill to (Eq) ~ %2 Therefore, ifEy, is sufficiently small the DR
decrease steeply as °. contribution of this level can be very important at low elec-
When the atomic coefficients of the levels pertaining totron temperaturegFor a more detailed discussion see Ref.
the 3p°3dnl complexes fom values around 15 were exam- [5].)
ined, it was found that for the most dominant levels in each  The sum of the contributions of the complexes with
configurationA3,>SAg . In some cased§, was larger than 18, deduced from the level-by-level extrapolation proce-
S AL by a factor of 2 and in other cases it was even an ordedure, and the total contribution of all thepZ3dn| com-
of magnitude larger. Keeping this in mind, it is not surprising plexes are also shown in Fig. 8. In contrast to the previous
that for the 3°3dnl complexes the rate coefficients de- cases, for this complex series the contributions of the high-
crease slower than~3. The result is that contrary to the complexes is very significant. These contributions were ne-
other series, here one cannot apply the simple complex-byglected in the DR calculations for Ar-like molybdenufRef.
complex extrapolation metholEq. (9)], and the more de- [7]). Here, for W', the contribution of then>18 com-
tailed level-by-level extrapolation procedUieg. (10)] must  plexes is more than 40% of the total DR rate coefficient of
be used. Actually, in this work detailed level-by-level calcu- the whole $°3dnl series at an electron temperature higher
lations were performed, for 8n<18, andng in Eq. (10)  than 500 eV. It should be noticed that using the ordinary
was taken to be 18. complex-by-complex extrapolation procedure for the high
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3p°3dnl complexes might lead to a significant underestima- _ T o
tion of the DR rate coefficient. 353p63dn1 3

D. DR through the 3s3p®3dnl complexes

In the 3s3p®3dnl complex series the=7 complex is the L A N $3s3p°3dnl 3
first complex in which there are levels above the ionization -~ 3 (n>18)
limit. For n=8 all the levels in each complex lie above the '
first ionization limit. The radiative decays included in the 0
computations are mE

9]

3s3p®3dnl—3s23p®3d+hv, (18

as well as decays to the higher K-like configuratiofey: =
3s23p®3dnl (n=<13) and(b) 3s3p®3dn’l’ (n'<8). Except

for then=7 andn=8 complexes where DAC processes of

the forms(a) and (b) are included, the lower levels consid- 1077
ered are all below the ionization limit. For=7 the effect of E
the DAC processes is found to be negligible. et 8 the

DAC processes decrease the rate coefficient by 5% at elec- 14
tron temperatures higher than 800 eV.

10° 10!

The energetically possible autoionization processes taken
into account are
3s3p63dn|_>3p6+ e~ (193 FIG. 9. Partial rate coefficients for DR through the complexes
3s3p®3dnl (7<n=<18) as a function of the electron temperature.
—3p®3d+e”  (n=8) The dotted curve represents the sum of the rate coefficients for all

.(19b) the complexes witm>18. The thick solid curve is the total rate
coefficient for the whole 83p®3dnl complex series.

Autoionization processes to the Ar-like excited configuration
3s3p°®3d were found to be energetically forbidden far  of the form of(a) following Eq. (18), due to the rising of the
<18 (at leas} and thus were not taken into account. lower 3s23p®3dnl levels above the first ionization limit.
Autoionizing inner-shell excited configurations with 0 Only for n=15 does then ™2 behavior take place. Hence for
<I=<8 are included in the calculations. Here this is fairly this complex series, the usual complex-by-complex extrapo-
well justified by the fact that already for=14 the radiative |ation method[Eq. (9)] can be used starting fromg=15.
stabilization channel[process(a) following Eq. (18)] is  Since detailed level-by-level calculations were already per-
closed (see Sec. Il ¢ Therefore, neglecting DAC pro- formed up ton=18, ng was taken to be 18. One notices that
cesses, the remaining radiative decays are via processes ®haive approach of takings to be 8 would have led to a
the forms(18) and(b) following (18). Sincen’ is limited to significant overestimation of the contributions of the higher
7 (andl’<6), there are no stabilization channels for levelscomplexes.
with 1>7. Under the above assumption the DR rate coeffi- Figure 9 also shows the sum of the contributions of the
cients of these levels are simply zero. ~ complexes wittn> 18 obtained by complex-by-complex ex-
In Fig. 9 the DR rate coefﬂuengs computed by detailedtrapolation and the total contribution of all thes®p°®3dnl
calculations for the complexess3p®3dnl with 7<n=<18  complexes. AkT.=E, for instance, this complex series is
are given as a function of the electron temperature. At lowfound to contribute about 4% to the total DR rate coefficient.
electron temperaturekT.<700 eV) the dominant DR con-
tribution comes from the 8p®3d7I complex due to the low
Eqy values of the levels belonging to this complex. At higher E. DR through the 2p°3s°3p®3dnl complexes

electron temperatures the contribution of the3p®3d8lI Since in the P®3s23p®3dnl complex series an electron
complex is dominant since for this complex all the levels areqom the inner shell is excited, all the complexes&3)
above the first ionization limit. One notices the great deqjg high above the first ionization limit. As a result, there are
crease of the6 DR rate coeﬁ;ment fos3p°3d9l. Asin the  any hossible autoionization channels. Also, their contribu-
cases of 83p~4In’l" and 3°4In’l", this is due to opening  tons to the total DR rate coefficient becomes significant only
of strong autoionization channel this case to the 8°3d at very high electron temperature.
excited configuration of the Ar-like ignand to the closing The radiative transitions considered for this complex se-
of some important radiative stabilization channpté the  |iog gre
form (a) following (18)].

The behavior of the DR rate coefficients as a function of 2p°3s23p®3dnl—2p®3s23p®3d+ hv, (20)
was checked in this series too. It was found that in the range
8=<n=14 there are abrupt drops arising from the opening of
strong autoionization channels of the forfi®b), and also as well as decays to the higher K-like configuratiofe:
from the closing of important radiative stabilization channels2p®3s?3p®nl and (b) 2p®3s3p®3dnl (n<7). In all these
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transitions the lower levels considered are below the first 252p®3s23p®3dnl—2s22p®3s23pf3d+hv (223

ionization limit[n<7 in procesgb)]. Forn=4 we also con-

sider DAC processes of the form —25%2p®3s23p°3dnl+hv.
(22b)

59c2916 —,2p°3s23n5 2 [
2p3s73p73d4l —2p3s°3p 3dn’l"+hy  (n"=34). ! Autoionization processes to the same Ar-like excited con-
(20)  figuration complexes that were included for the

2p°3s?3p®3dnl complexegsee Eq(21) and processes)—

However, the DAC processes are found to have negligibley) foliowing Eq. (21)] are possible and are included in the
effect on the DR rate coefficients. present calculations.

The energetically possible autoionization processes in- gince the contribution of this complex series is quite
volving the high orbitainl electron taken into account are  gmall and since for high complexes the dominant radiative
stabilizing channelg22b) are gradually closedneglecting
2p°3s23p®3dnl—2p®3s23pb+e, (21)  DAC) the detailed level-by-level calculations are performed
only in the range 3<n<5 and no extrapolation is made. We

as well as autoionization to the higher Ar-like configurations:€Stimate the error introduced by not including the higher
(@) 2p®3s23p°3d, (b) 2p®3s3p®3d, and(c) 2p°3s23p°®3d complexes to be less than 1% of the total rate coefficient at

(n=6). In addition, we include the autoionization processesa" electron temperaturgs. The result_s of the_ calculations
which do not involve thanl electron, to the Ar-like configu- show that forkT,=E, this comp_lgx Series contr.|butes only
rations: (d) 2p®3s23p°nl, (e) 2p°3s?3p*3dnl, () 0.6% of the total DR rate coefficient. At very high electron

2p®3s3p°nl, (g) 2p®3s3p°3dnl, and (h) 2p®3pt3dnl. temperaturesT.= 50 keV) the contribution is still less than

Processesd)—(h), which have atomic coefficients indepen- 2%.

dent ofn, and are found to be the dominant autoionization

channels in this complex series, were neglected in previous G. DR through the 3p°5I51" complex

DR calculations for Ar-like molybdenuniRef. [7]). As in Finally, the contribution of the configuration complex

the case of the g°4In’l" series, configurations with high  3p55|5]” is considered. The radiative decay processes taken
values have negligible contributions. Thus, only configurainto account in the computations are
tions with 0<|=8 are included in the calculations.

Detailed calculations of the DR rate coefficients of the 3p°5151' —3p°5l’ +hy (239
complexes p°3s23p®3dnl were performed for &n<8. :
The results show that the dominant DR contribution at all —3p~3d5l’ +hv. (23b)

temperatures comes from th@8s?3p®3d? configuration. , _ _
Upon checking the behavior of the DR rate coefficients ad" this case no DAC processes were included. The energeti-
a function ofn, one finds that the expected ® scaling takes cally possible autoionization processes considered are
place already froon=4 without irregularities. This is in 5 / 6 A
spite of the closing of stabilizing radiative channjgisocess 3p7SISl’—=3p>te (24
(b) following Eq. (20)] and the opening of autoionization a5 el as autoionization to the higher Ar-like configurations:
channelg§procesgc) following Eq.(21)]. In fact, these chan- a) 3p°3d and (b) 3p®4l”. The results of the calculations
nels are not the dominant channels in this series and thus, fi‘?]ow that this complex contributes about 2% of the total DR
not affect the scaling of the DR rate coefficients as a function,ie coefficient at electron temperatures higher tiE&n
of n. As a result, Eq.(9) for the ordinary complex-by-  gince the contribution of this complex is relatively small and
complex extrapolation method can be used witk 4. Since  gjnce for higher complexes belonging to thp53In’l" se-
detailed level-by-level computations were performed up Gies a part of the important radiative channels are closed and
n=8, ns was actually taken to be 8. The sum of the DR ey autoionization channels are opened, the contributions of
contributions of all the complexes with>8 obtained by he higher complexesi(>5) are disregarded here. The un-
extrapolation reaches about 10%.of the to'tal contribution ofjerestimation caused by this approximation is negligible at
the 2p°3s?3p°3dnl complex series at high temperature joy electron temperature and is estimated to be about 3% of

(kTe>2 keV). Finally, all this complex series contributes the total DR rate coefficient at high temperature.
about 6% of the total DR rate coefficient ki ,=E,; and

0,
more than 10% fokTe=10 keV. H. Total DR rate coefficient

The total DR rate coefficient, obtained by adding the DR
contributions of all the complex series discussed in the pre-

The 252p%3s?3p®3dnl complex series lie even higher vious sections, is given as a function of the electron tempera-
than the »°3s23p%3dnl series. All the complexes are en- ture in Fig. 10 and in Table I. For comparison, Fig. 10 also
tirely above the first ionization limit and include fewer levels shows the total contribution of each series. These results
per complex. Moreover, the radiative stabilization channelshow that the largest contribution at low electron tempera-
are comparatively weaker than those of thEP2s23p®3dnl tures kT.<100eV) and at high electron temperatures
complexes. Therefore, the contribution of these complexes tkT,>1 keV) comes from the complex seriep3n’l’,
the total DR rate coefficient is expected to be small. while in the intermediate range 18&T.<1000 eV the

The radiative transitions included in the computations aré8p®3dnl complexes give the largest contribution. The im-

F. DR through the 2s2p®3s23p®3dnl complexes



3502 A. PELEG, E. BEHAR, P. MANDELBAUM, AND J. L. SCHWOB 57

MR LR RRALY T
10 T T ™ TOTAL (detailed calculations)
3p 4ln’l ]
_9 RN
107 | _s O
10 - \\\\\ E
. n [ 3p 3dnl / VAN
B . o : .
10710 L 0 \
n \\

ol 6/ - | TOTAL BM 32\ BM An=0 |
o, [8s3p4lnT CART ! \ ' |
w 10 3 —_

20} F [

g °
13) =
-12 )
A 10 3 ;
8 3p55151’ 107" L |
\ ; E
]
-13 .
10 5, 2_ 6 P
2p 3s 3p 3dn17"$,’
H i
5o
6_2_6 P
_14 | Rs2p Sls 3p Sd?l_f?_—"_i 10712 TP EPUPUUTP R AU PRI VR
10 I TS 10 10" 102 10®  10*  10°
KT, (eV) KT, (eV)

FIG. 10. The total DR rate coefficient for Ar-like Wthick
curve and the total contributions of the various complex series,
included in this work as a function of electron temperatétes the

first ionization energy of the K-like ion.

FIG. 11. Comparison of the detailed level-by-level calculations
(thick solid curve and the BM approximatiosolid curve for the
total DR rate coefficient of Ar-like W. The long dashed curve is the
total rate coefficient for the 4In’l’ complex series. The short
dashed curve is the total rate coefficient for th@3dnl complex
series. The two dotted curves are the corresponding BM results for

5 - B .
portance of the B 4In’|’ DR contribution |§ a ccinsequgnce these two serie€An=1 for 3p%4In’l’ and An=0 for 3p3dnl).
‘?f the 'afge_ Einstein CoeffICIe_nf[s for the-2l ,An—]_. radia- . E, is the first ionization energy of the K-like ion.
tive transitions. These coefficients scale approximately like
r* wherer is the charge of the ion cofe="56 in the present . ) ) )
work). In contrast, the B-3d,An=0 transitions, which are IS Very important in the intermediate electron temperature
important in the stabilization of the 3dnl complexes, range due t_o the large cumulati_ve contribution of a great
scale only linearly withr and are much smaller here. Nev- number of higha complexes that lie very close to each other

ertheless, the DR contribution of the whole®3dnl series  in energy(see Fig. & One should notice that for light ele-
ments of the An isoelectronic sequence thep®dnl DR

TABLE |. Total DR rate coefficien{in cm® sec’?) for Ar-like contribution is expected to be dominant at all temperatures
tungsten as a function of the electron temperakifg (in eV). because of the different dependence of the radiative rates

X[—Y] denotesxx 107,

uponr. In fact, it was shown by Fourniest al.[7] that this
is indeed the case for M&'.

kTe (eV) Total DR rate coefficient (cirsec™) In Fig. 11 the total DR rate coefficient calculated in the
present work is compared to the results obtained from the
10 4.50—09] . s NG
20 3.37-09] semiempirical BurgessTMertéB_M) apprOX|mat|pn[15,1_6:|.
The BM results shown in the figure were obtained using the
30 2.68-09) oscillator strengths and the transition energies computed by
50 2.06-09) RELAC [12] for the 3p-3d (An=0) and the $-4d (An=1)
100 1.45-09] transitions only, as suggested by Brettral. [17]. It can be
200 9.51-10] seen that at low electron temperatukd {< 100 eV) the BM
300 7.08-10] approximation greatly underestimates the DR rate coeffi-
500 4.59-10] cient. The explanation for this discrepancy is thoroughly dis-
1000 2.45-10] cussed in Ref[6]. At higher electron temperatures, however,
2000 1.21-10] there is quite a good agreement between the BM approxima-
3000 7.72—-11] tion and the detailed level-by-level calculations. For ex-
5000 4.18-11] ample, atkT,=E,, the BM approximation underestimates
7000 2.72—-11] the total rate coefficient by only 15%. At very high electron
10000 1.70—11] temperature KT,=50 keV) the BM approximation underes-
20000 6.5p—12] timates the total rate coefficient by about 25%. It should be
30000 3.66—12] stressed that the relatively good agreement for the total DR
50000 1.78—-12] rate coefficient fok T.>100 eV may be somewhat fortuitous

here; indeed, a noticeable discrepancy is observed for the
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individual contribution of each of the complex series consid-smaller than the autoionization coefficientd3() for the
ered. For instance &T.=E,, the An=1 BM approxima- dominant levels. As a result, the DR rate coefficients de-
tion value is 20%ower than the calculated DR rate coeffi- crease slower tham’ ~3 and the more detailed level-by-level
cient for the $°4In’1" series, whereas then=0 BM value  extrapolation method is applied. Moreover, because of the
is 55% higher than the $°3dnl series DR rate coefficient. slow decrease of the DR rate coefficients with increasing
Thus, for other elements in the Aiisoelectronic sequence in this latter case the contributions of very-high-com-

the deviation of the BM approximation from the calculated plexes is important and the question of density effects arises.
total DR rate coefficient can be significantly larger as is In addition to then’ dependence, thE dependence was

found in the Nil sequenc¢6]. also checked for the various complex series. It was found for
the 3p°3dn’l’ complexes that high* values contribute sig-
IV. CONCLUSIONS nificantly; in all other cases the contributions of highval-

ues are negligible. Thus, for thep®3dn’l’ complexes it is
desirable to find an approximate extrapolation procedure for
evaluating the high‘ contributions.

S A comparison of the Burgess-Merts approximation with
the results of the present detailed level-by-level calculations
shows that the former greatly underestimates the total DR
rate coefficient at low electron temperaturekT{
<100 eV). However, in the electron temperature rakgg
=E, the underestimation is only 15% of the total DR rate
coefficient. This fairly good agreement may be fortuitous

Extensive level-by-level calculations of the DR rate coef-
ficient for Ar-like W®5* ijon in the ground state were per-
formed. The results show that the two complex serie
3p®4In’l’ and 3°3dn’l’ give the most important contribu-
tion (=75%) to the total DR rate coefficient. The largest
contribution in the relevant electron temperature rangg, (
=E,) comes from the complex seriep@%In’l’. This is due
to the large Einstein coefficients for thé-3l’',An=1 radia-
tive transitions involved in the DR recombination process
through levels belonging to ghis series. Hogveve’r,’other COMpere; for other elements in the Asequence the deviation is
ple5x Series S,“Fh as s3p>4In’l’, 3s3p°3dn’l’, and oy nected to be larger as is found in thelMequence. Hence,
2p>3s°3p~3dn’l” were found to give contributions that ¢ iher detailed level-by-level calculations are required for

cannot be disregarded. . _ the other elements in the Aiisoelectronic sequence.
The n’ dependence of the DR rate coefficients in each

complex series was checked. In most cases it was found that
for low-n’ values there are irregularities. These irregularities
are due to the opening of new DR channels, to the closing of
radiative stabilization channels, and to the opening of new We are thankful for fruitful discussions with R. Doron
autoionization channels. For highef values the expected and D. Mitnik, and their valuable comments. We also wish to
n’~3 behavior along a series takes place in all cases excepank A. Bar-Shalom of the Ben-Gurion University of Beer-
for the 3p°3dn’l’ series. Therefore, for all complex series Sheva, Israel, M. Klapisch of the Naval Research Labora-
except for the P°3dn’l’ series the usual complex-by- tory, and W. H. Goldstein of the Lawrence Livermore Na-
complex extrapolation procedure is used in order to evaluatdonal Laboratory for the use of theuLLAC code package.
the DR contributions of the high! complexes. In the One of the authorgE.B.) was supported by the Charles
3p®3dn’l’ series, the Einstein coefficientsSfy) are Clore Israel Foundation.
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